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Biomedical Applications of the Dynamic Nuclear  
Polarization and Parahydrogen Induced Polarization  
Techniques for Hyperpolarized 13C MR Imaging
Neil J. Stewart and Shingo Matsumoto*
Since the irst pioneering report of hyperpolarized [1-13C]pyruvate magnetic resonance imaging (MRI) of 
the Warburg efect in prostate cancer patients, clinical dissemination of the technique has been rapid; close 
to 10 sites worldwide now possess a polarizer it for the clinic, and more than 30 clinical trials, predomi-
nantly for oncological applications, are already registered on the US and European clinical trials databases. 
Hyperpolarized 13C probes to study pathophysiological processes beyond the Warburg efect, including tri-
carboxylic acid cycle metabolism, intra-cellular pH and cellular necrosis have also been demonstrated in the 
preclinical arena and are pending clinical translation, and the simultaneous injection of multiple co- polarized 
agents is opening the door to high-sensitivity, multi-functional molecular MRI with a single dose. Here, we 
review the biomedical applications to date of the two polarization methods that have been used for in vivo 
hyperpolarized 13C molecular MRI; namely, dissolution dynamic nuclear polarization and parahydrogen- 
induced polarization. he basic concept of hyperpolarization and the fundamental theory underpinning 
these two key 13C hyperpolarization methods, along with recent technological advances that have facilitated 
biomedical realization, are also covered.
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7KH¿UVWin-manK\SHUSRODUL]HG>&@S\UXYDWH05,H[DPV
LQ SDWLHQWV ZLWK SURVWDWH FDQFHU UHDOL]HG WKH SRWHQWLDO IRU
REVHUYLQJPHWDEROLFSURFHVVHVEH\RQGJO\FRO\VLVZKLFK LV
W\SLFDOO\SUREHGE\)ÀXRURGHR[\JOXFRVHSRVLWURQHPLVVLRQ
WRPRJUDSK\ ))'*3(7 XQWLO UHFHQWO\ WKH RQO\ PHWD-
EROLFLPDJLQJPHWKRGXVHGURXWLQHO\LQWKHRQFRORJ\FOLQLF4 
7KLVSLRQHHULQJVWXG\KDVEHHQIROORZHGE\DUDSLGGLVVHPL-
QDWLRQRI+3>&@S\UXYDWH05,IRUFOLQLFDODSSOLFDWLRQV5 
IDFLOLWDWHGE\WKHGHYHORSPHQWRIFRPPHUFLDOVWHULOHSRODUL-
]DWLRQV\VWHPVIRUFOLQLFDOXVH6$VRI-XQHPRUHWKDQ
FOLQLFDOWULDOVZRUOGZLGHSHUWDLQLQJWR+3>&@S\UXYDWH
05,DUHHLWKHULQDFRPSOHWHLQSURJUHVVRUSHQGLQJSKDVH
DQGWKLVQXPEHULVSUHGLFWHGWRRQO\LQFUHDVHIXUWKHURYHUWKH
FRPLQJ\HDUV
,QWKLVUHYLHZDUWLFOHZHSURYLGHDEULHIRYHUYLHZRIWKH
FRQFHSW RI K\SHUSRODUL]DWLRQ DQG WKH WKHRU\ EHKLQG WKH
PHWKRGV WR REWDLQ OLTXLGVWDWH & SRODUL]DWLRQ QDPHO\
GLVVROXWLRQ G\QDPLF QXFOHDU SRODUL]DWLRQ G'13 DQG
SDUDK\GURJHQLQGXFHGSRODUL]DWLRQ3+,3IROORZHGE\D
FRPSUHKHQVLYHUHYLHZRIWKHELRPHGLFDODSSOLFDWLRQVRI+3
&05,E\ZLWKDSDUWLFXODUIRFXVRQUHFHQWFOLQLFDO05,
DSSOLFDWLRQVRI+3>&@S\UXYDWHDQGRWKHUK\SHUSRODUL]HG
&PROHFXODULPDJLQJSUREHVZLWKFOLQLFDOSURPLVH
Introduction
+\SHUSRODUL]DWLRQUHIHUVWRDFODVVRIPHWKRGVWKDWHQDEOH
WKH IXQGDPHQWDO VHQVLWLYLW\ OLPLWV RI PDJQHWLF UHVRQDQFH
LPDJLQJ05,WREHRYHUFRPHDOORZLQJIXQFWLRQDOLPDJLQJ
RI H[RJHQRXV DJHQWV RI XQSUHFHGHQWHG TXDOLW\ 2YHU WKH
ODVW\HDUVK\SHUSRODUL]HG+3+HDQG;HQREOHJDVHV
KDYH EHHQ GHYHORSHG IURP H[SHULPHQWDO WRROV LQWR VDIH
LQKDODEOHFRQWUDVWDJHQWVIRUKLJKUHVROXWLRQIXQFWLRQDO05,
RIWKHOXQJDLUVSDFHVDQGDUHDOUHDG\XVHGURXWLQHO\LQDFOLQ-
LFDOVHWWLQJ2QWKHRWKHUKDQG+3&ODEHOOHGOLTXLGSKDVH
SUREHVIRUPROHFXODUDQGPHWDEROLF05,KROGJUHDWSURPLVH
IRU LQWHUURJDWLQJ SDWKRSK\VLRORJ\ DW WKH FHOOXODU OHYHO 
N.J. Stewart et al.
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Theoretical Background
Hyperpolarization
:KHQSODFHGLQDPDJQHWLF¿HOGBVSLQòQXFOHLRIJ\UR-PDJQHWLFUDWLRgRFFXS\RQHRIWZR=HHPDQVWDWHVDWHQHUJLHV
±g B7KHQXFOHDU VSLQ ³SRODUL]DWLRQ´ LV GH¿QHGDV WKHIUDFWLRQDO GLIIHUHQFH LQ WKH SRSXODWLRQ RI WKH WZR VWDWHV
ZKLFK XQGHU FRQGLWLRQV RI WKHUPDO HTXLOLEULXP LV GHULYHG
IURPWKH%ROW]PDQQGLVWULEXWLRQ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7KH %ROW]PDQQ WKHUPDO SRODUL]DWLRQ RI &²WKH RQO\
VWDEOHVSLQòFDUERQQXFOHXV²DWW\SLFDOFOLQLFDOPDJQHWLF¿HOG
VWUHQJWKVLVaí,QIDFW05RIHQGRJHQRXV&LVFKDOOHQJLQJ
QRWMXVWGXHWRLWVaIRXUIROGORZHUJ\URPDJQHWLFUDWLRWKDQ+
WKHQDWXUDODEXQGDQFHRI&LVRQO\DQGWKXVVHQVLWLYLW\LV
SRRU$aIROG05VLJQDOHQKDQFHPHQWFDQEHREWDLQHGRQ
HQGRJHQRXV WUDFHUV WKURXJK &ODEHOLQJ DQG D IXUWKHU ±
RUGHUVRIPDJQLWXGHHQKDQFHPHQWYLDK\SHUSRODUL]DWLRQ
+\SHUSRODUL]DWLRQGHQRWHVDWHPSRUDU\VWDWHRIGUDPDWLF
SRSXODWLRQH[FHVVLQRQHQXFOHDUVSLQVWDWHVHH)LJDQGFDQ
EHUHDOL]HGE\DQXPEHURIDSSURDFKHVEUXWHIRUFHSRODUL]D-
WLRQ XWLOL]LQJ ORZ WHPSHUDWXUHV DQGKLJKPDJQHWLF¿HOGV WR
GLUHFWO\ LQFUHDVH WKH QXFOHDU SRODUL]DWLRQ VSLQH[FKDQJH
RSWLFDO SXPSLQJ DQG PHWDVWDELOLW\H[FKDQJH RSWLFDO
SXPSLQJIRUK\SHUSRODUL]HGJDVHVDQGG'13DQG3+,3 
IRU VROXWLRQVWDWH & DSSOLFDWLRQV 7KH ODWWHU WZR PHWKRGV
KDYH EHHQ GHPRQVWUDWHG IRU ELRPHGLFDO & PROHFXODU 05,
DSSOLFDWLRQVDQGWKHVHIRUPWKHIRFXVRIWKLVUHYLHZDUWLFOH:H
QRWH WKDW VLJQDO DPSOL¿FDWLRQ E\ UHYHUVLEOH H[FKDQJH
6$%5(FORVHO\UHODWHGWRFRQYHQWLRQDO3+,3LVUHFHQWO\
VKRZLQJ SURJUHVV WRZDUG SRWHQWLDO in vivo DSSOLFDWLRQ EXW
ZLOOQRWEHFRYHUHGLQWKLVDUWLFOHDVELRPHGLFDODSSOLFDWLRQLV
\HWWREHVKRZQZHUHIHUWKHUHDGHUWR5REHUWVRQDQG0HZLV 
IRUDQXSWRGDWHUHYLHZ
7KH05VLJQDO HQKDQFHPHQW DVVRFLDWHGZLWKK\SHUSR-
ODUL]DWLRQ LV QRW SHUPDQHQW ORQJLWXGLQDO UHOD[DWLRQ DFWV WR
UHWXUQ WKHQXFOHDU VSLQ VWDWHSRSXODWLRQV WR WKDWRI WKHUPDO
HTXLOLEULXPDQGDIWHUUDGLRIUHTXHQF\H[FLWDWLRQWKHK\SHU-
SRODUL]HGVWDWH LVQRWUHFRYHUHG5HVHDUFKLQWRJHQHUDWLQJ
VRFDOOHG³ORQJOLYHG´VWDWHVDQGDOVRJHQHUDWLRQRIFRQWLQX-
RXVO\UHK\SHUSRODUL]DWLRQDUHDQDFWLYH¿HOGVKRZHYHU
K\SHUSRODUL]HG >&@S\UXYDWH WKH PRVW SURPLVLQJ PROH-
FXOHIRUFOLQLFDODSSOLFDWLRQVUHPDLQVOLPLWHGE\DTaV7KHGHFD\LQPDJQHWL]DWLRQDVVRFLDWHGZLWKDQXPEHURI5)
H[FLWDWLRQVnZLWKUHSHWLWLRQWLPH75DQGÀLSDQJOHaFDQEH
GHVFULEHGDVIROORZV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)RUDFRQVWDQWÀLSDQJOHDQGTR << T(TXDWLRQFDQ
EHVLPSOL¿HGWRM nxy n( ) sin ( ) cos ( )= -M 0 1a a >IRUH[DPSOH
DIWHUN 5)H[FLWDWLRQVDWÀLSDQJOHDPDJQHWL]DWLRQRI
RQO\ M N Mxy ( ) . sin ( )» °0 3 80  UHPDLQV@ 7KH VLJQDO GHFD\GXULQJDFTXLVLWLRQOHDGVWR¿OWHULQJRIWKHkVSDFHDQGLPDJH
EOXUULQJ EXW ZKLFK FDQ EH VRPHZKDW FRPSHQVDWHG IRU E\
PRGLI\LQJ WKH ÀLS DQJOH WKURXJKRXW WKH DFTXLVLWLRQ SUR-
FHVV 1HYHUWKHOHVV DFTXLVLWLRQ RI K\SHUSRODUL]HG VLJQDOV
QHFHVVLWDWHVHI¿FLHQWHQFRGLQJRIkVSDFHVXFKDVZLWKVSLUDO
WUDMHFWRULHV SDUDOOHO LPDJLQJ RU FRPSUHVVHG VHQVLQJ 
+\SHUSRODUL]HG&PHWDEROLF05,UHOLHVXSRQWKHGLVFULPLQD-
WLRQRI05VLJQDOVIURPWKHLQMHFWHGSUREHHJS\UXYDWHDQG
LWVPHWDEROLFSURGXFWVHJODFWDWHE\FKHPLFDOVKLIW,IVSDWLDO
LQIRUPDWLRQLVQRWHVVHQWLDOG\QDPLFVSHFWURVFRS\LVDVLPSOH
DQG UREXVW PHDQV WR SUREH PHWDEROLVP G\QDPLFV 6HYHUDO
LPDJLQJ VWUDWHJLHV KDYH EHHQ GHYHORSHG LQFOXGLQJ SKDVH
HQFRGHGFKHPLFDOVKLIWLPDJLQJ&6,ZKLFKDOWKRXJKLQHI-
¿FLHQW DOORZV DFTXLVLWLRQ RI IXOO VSHFWUD HFKR SODQDU
VSHFWURVFRSLFLPDJLQJLQZKLFKXVXDOO\À\EDFNJUDGLHQWV
DUH XVHG IRU VLPXOWDQHRXV ' VSDWLDO HQFRGLQJ DQG VSHFWUDO
UHDGRXWSHUPLWWLQJVHYHUDOIROGDFFHOHUDWLRQDWWKHH[SHQVHRI
615VSLUDOFKHPLFDOVKLIWLPDJLQJZKHUHLQPXOWLGLPHQ-
VLRQDO VSDWLDO GDWD LV HQFRGHG VLPXOWDQHRXVO\ ZLWK VSHFWUDO
GDWDLQDVLPLODUPDQQHUWRWRPRV\QWKHVLVVSLUDOHQFRGLQJ
VFKHPHVFRPELQHGZLWKWKHUREXVW LWHUDWLYHGHFRPSRVLWLRQ
ZLWKHFKRDV\PPHWU\DQGOHDVWVTXDUHVHVWLPDWLRQWHFKQLTXH 
DQGVSHFWUDOVSDWLDOH[FLWDWLRQIRUDGGLWLRQDOHI¿FLHQF\DQGWKH
ÀH[LELOLW\ RI D GLIIHUHQW ÀLS DQJOH RQ HDFK UHVRQDQFH RI
LQWHUHVW,QOLJKWRIWKHORQJ7RIC in vivo615EHQH¿WVKDYH EHHQ UHDOL]HG E\ XVLQJ VLQJOH RU PXOWLHFKR EDODQFHG
VWHDG\VWDWHIUHHSUHFHVVLRQ
Fig. 1 Concept of hyperpolarization. (a) The occupation of nuclear 
Zeeman states of a spin-½ system in thermal equilibrium in a mag-
netic field follows that of the Boltzmann distribution [cf. Equation 
(1)]; for 13C at 1.5T and 300 K, the polarization, i.e. the popu-
lation difference between the spin up and down states for 13C is 
only P ~ 10−6. (b) Hyperpolarization describes the state of a large 
excess population in one of the nuclear Zeeman states, leading to 
a nuclear polarization several orders of magnitude greater than the 
Boltzmann polarization (Data is reproduced from the original dis-
solution dynamic nuclear polarization (d-DNP) paper11 (Copyright 
(2003) National Academy of Sciences, USA) and compares NMR 
spectra obtained from thermally-polarized and hyperpolarized 13C 
urea of ~60 mM concentration).
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Dynamic nuclear polarization
'LVVROXWLRQG\QDPLFQXFOHDUSRODUL]DWLRQ²WRGDWHWKHSULQ-
FLSDOSRODUL]DWLRQWHFKQLTXHVHPSOR\HGWRJHQHUDWHK\SHUSR-
ODUL]HG >&@S\UXYDWH²UHOLHV XSRQ WKH UHODWLYHO\ ODUJH
HOHFWURQJ\URPDJQHWLFUDWLR( )g g
e P
» 660 ZKLFK>DFFRUGLQJ
WR(TXDWLRQ@OHDGVWRDQHOHFWURQ%ROW]PDQQSRODUL]DWLRQ
RI DSSUR[LPDWHO\ XQLW\ DW WHPSHUDWXUHV a . DW KLJK ¿HOG
VHH)LJD$QHI¿FLHQWHOHFWURQSDUDPDJQHWLFDJHQWIUHH
UDGLFDO VHH HJ /XPDWD HW DO LV PL[HG ZLWK D JODVVLQJ
DJHQW DQG WKH WDUJHW SUREH WR EH SRODUL]HG HJ S\UXYDWH
ZKLFK LV FRROHG WRa.XQGHU DPDJQHWLF¿HOGRI VHYHUDO
WHVOD ,Q WKH VXEVHTXHQW JODVV\ VROLG VWDWH ZKHUH G'13 LV
PRVWHI¿FLHQWPLFURZDYHLUUDGLDWLRQLVXVHGWRLQGXFHSRODU-
L]DWLRQ WUDQVIHU IURP IUHH HOHFWURQV WR & QXFOHL RYHU WKH
FRXUVHRIaK$WWHPSHUDWXUHV.SRODUL]DWLRQWUDQVIHU
LV EHOLHYHG WR EH SULPDULO\ GULYHQ E\ WKH WKHUPDO PL[LQJ
HIIHFWWKRXJKGHSHQGLQJRQH[DFWH[SHULPHQWDOFRQGLWLRQV
FRQWULEXWLRQV IURP WKH VRFDOOHG VROLG HIIHFW DQG FURVV
HIIHFW DQG WKH 2YHUKDXVHU HIIHFW LQ WKH VROXWLRQ SKDVH 
PD\ QRW EH LJQRUHG$IWHU SRODUL]DWLRQ WUDQVIHU WKH IUR]HQ
VDPSOH LV UDSLGO\ GLVVROYHG LQ D VXSHUKHDWHG VROYHQW DQG
WUDQVIHUUHG WR WKH05,V\VWHPIRUPHDVXUHPHQW >KHQFH WKH
WHUP³GLVVROXWLRQG´@
7KH ¿UVW FRPPHUFLDO G'13 V\VWHP IRU SUHFOLQLFDO
UHVHDUFK DSSOLFDWLRQV VKRUWO\ IROORZHG WKH SXEOLFDWLRQ RI
WKH RULJLQDO G'13 SDSHU +\SHU6HQVH 2[IRUG ,QVWUX-
PHQWV8.DQGRWKHUHI¿FLHQWUHVHDUFKV\VWHPVKDYHVLQFH
EHHQ GHYHORSHG 0RVW G'13 V\VWHPV LQFOXGLQJ WKH
+\SHU6HQVH UHTXLUH ODUJH TXDQWLWLHV RI OLTXLG KHOLXP WR
PDLQWDLQWKHORZVDPSOHWHPSHUDWXUHKRZHYHUWZRUHFHQW
ODQGPDUNGHYHORSPHQWVKDYHHQDEOHGG'13ZLWKRXWFRQ-
VXPSWLRQRIFU\RJHQVDKLJKWKURXJKSXWVWHULOHSRODUL]HU
IRU FOLQLFDO DSSOLFDWLRQV 6SLQ/DE6 *( +HDOWKFDUH
:DXNHVKD:,86$DQGDQHI¿FLHQW UHVHDUFKSRODUL]HU
ZLWK YDULDEOH PDJQHWLF ¿HOG WKH 6SLQ$OLJQHU 3RODUL]H
)UHGHULNVEHUJ 'HQPDUN ERWK RI ZKLFK DUH FRPPHU-
FLDOO\DYDLODEOH7KH6SLQ/DE)LJDRSHUDWLQJDWa.
DQG7DQGURXWLQHO\REWDLQLQJXSWR>&@S\UXYDWH
SRODUL]DWLRQLVWKHRQO\V\VWHPWRGDWHDSSURYHGIRUKXPDQ
DSSOLFDWLRQ
Fig. 2 Concept diagram for dissolu-
tion dynamic nuclear polarization 
(d-DNP) and parahydrogen-induced 
polarization (PHIP) polarization tech-
niques. (a) In d-DNP, the source of 13C 
nuclear polarization (P) is the approx-
imately unity electron polarization (P) 
at low temperature and high magnetic 
field (curves plotted for 3.35T) (i). This 
is transferred to 13C via microwave 
excitation (ii), predominantly medi-
ated via the thermal mixing effect. (iii) 
Prototype commercial cryogen-free 
d-DNP system reported in Ardenkjaer-
Larsen et al.40 (original photo cour-
tesy of Jan Henrik Ardenkjaer-Larsen, 
Technical University of Denmark and 
GE Healthcare). (b) In PHIP, the source 
of 13C polarization is the inherent spin 
order of the parahydrogen spin isomer 
of hydrogen, which can be generated 
to very high purity by cooling normal 
hydrogen in the presence of a para-
magnetic catalyst (i). Parahydrogen is 
reacted with an unsaturated substrate, 
generating 1H hyperpolarization, which 
is subsequently transferred to 13C or 
other target heteronucleus (ii). Several 
dedicated low-field (mT) polarization 
systems have been designed for auto-
mating the hydrogenation and polar-
ization transfer processes; the example 
shown is reprinted with permission 
from Springer Nature (Hövener et al).58
i)
ii)
iii)
N.J. Stewart et al.
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Parahydrogen-induced polarization
'HVSLWHVXUPRXQWLQJWKHKXUGOHDVVRFLDWHGZLWKFU\RJHQFRQ-
VXPSWLRQ WKH LQLWLDO RXWOD\ UHTXLUHG IRU G'13 V\VWHPV
UHPDLQVKLJKaVHYHUDOPLOOLRQ86'IRUWKH6SLQ/DE3+,3 
LVDUHODWLYHO\UHFHQWWHFKQLTXHWKDWRIIHUVDFKHDSHUURXWHWR
K\SHUSRODUL]HG &PROHFXOHV IRUELRPHGLFDO05,DSSOLFD-
WLRQV 3+,3 UHOLHV RQ WKH LQKHUHQW VSLQ RUGHU RI SDUDK\-
GURJHQDVSLQLVRPHURIK\GURJHQ$WURRPWHPSHUDWXUHWKH
WZRVSLQòQXFOHLRIHDFKK\GURJHQPROHFXOHKDYHDQHTXDO
SUREDELOLW\WRRFFXS\RQHRIIRXUVSLQVWDWHVWKUHHVWDWHVRI
WRWDOVSLQRUWKRK\GURJHQ³WULSOHW´VWDWHDQGRQHVWDWHRI
WRWDOVSLQSDUDK\GURJHQ³VLQJOHW´VWDWH:KHQFRROHGLQ
WKH SUHVHQFH RI D SDUDPDJQHWLF FDWDO\VW W\SLFDOO\ LURQ,,,
R[LGH RU FKDUFRDO ZKLFK SURPRWHV WKH RWKHUZLVH VORZ
V\PPHWU\IRUELGGHQ WUDQVLWLRQ EHWZHHQ RUWKRK\GURJHQ DQG
WKH ORZHU HQHUJ\ SDUDK\GURJHQ VWDWH WR a . D SDUDK\-
GURJHQIUDFWLRQRIaFDQEHREWDLQHGVHH)LJE
3DUDK\GURJHQ LWVHOI LV 105 VLOHQW VLQFH LW KDV D WRWDO
QXFOHDU VSLQ RI  KRZHYHU XSRQ SDLUZLVH DGGLWLRQ WR
PDJQHWLFDOO\LQHTXLYDOHQW VLWHV RQ DQXQVDWXUDWHG VXEVWUDWH
PROHFXOHWKHV\PPHWU\RIWKHSDUDK\GURJHQVLQJOHWVWDWHLV
EURNHQDQGK\SHUSRODUL]HG+05VLJQDOVFDQEHREVHUYHG
7KLV K\GURJHQDWLRQ UHDFWLRQ LV W\SLFDOO\ SHUIRUPHG LQ DQ
RUJDQLF VROYHQW RU WKH DTXHRXV SKDVH LQ WKH SUHVHQFH RI D
WUDQVLWLRQPHWDO W\SLFDOO\5KRU5XEDVHGFDWDO\VW The 
UHVXOWLQJ+QXFOHDUVSLQVWDWHGHSHQGVRQWKHPDJQHWLF¿HOG
DWZKLFKSDUDK\GURJHQDGGLWLRQLVSHUIRUPHGDWKLJK¿HOG
HJZLWKLQWKH05V\VWHPLWVHOIWKHSDUDK\GURJHQDQGV\Q-
WKHVLVDOORZGUDPDWLFDOO\HQKDQFHGQXFOHDUDOLJQPHQWHIIHFW
LVREVHUYHGZKLOVWIRUK\GURJHQDWLRQDWORZ¿HOGIROORZHG
E\DGLDEDWLF WUDQVSRUWRI WKH VDPSOH WR WKH05V\VWHP IRU
GHWHFWLRQWKHDGLDEDWLFORQJLWXGLQDOWUDQVSRUWDIWHUGLVVRFLD-
WLRQHQJHQGHUVQXFOHDUDOLJQPHQWHIIHFW LVREVHUYHG6HY-
HUDO VWXGLHVXVLQJ3+,3RI +QXFOHL KDYHEHHQSHUIRUPHG
HJWRJHQHUDWH-FRXSOLQJGHULYHGFRQWUDVW44DQGJDVSKDVH
LPDJLQJ45 KRZHYHU GXH WR WKH ODUJH EDFNJURXQG VLJQDO 
in vivoDQGODFNRIDWWDLQDEOHSDWKRSK\VLRORJLFDOIXQFWLRQDO
LQIRUPDWLRQVXFKDVWKDWSHUWDLQLQJWRPHWDEROLVPKHWHURQX-
FOHLVXFKDV&RU1DUHRIJUHDWHULQWHUHVWIRUELRPHGLFDO
DSSOLFDWLRQV3RODUL]DWLRQWUDQVIHUIURP+WRKHWHURQXFOHLLV
PHGLDWHGE\VSLQ±VSLQFRXSOLQJVDQGFDQEHGULYHQE\VSH-
FLDOL]HG5)SXOVHVHTXHQFHV±RUE\VXEMHFWLQJWKHVDPSOH
WRDPDJQHWLF¿HOGF\FOH±7KHVHOHFWLRQRISRODUL]DWLRQ
WUDQVIHUPHWKRGDQGLWVSDUDPHWHUVGHSHQGVRQWKHFRQ¿JXUD-
WLRQRIWKHWDUJHWPROHFXODUSUREH
5HJDUGLQJKDUGZDUHSDUDK\GURJHQHQULFKPHQWRIa
FDQEHDFKLHYHGE\VLPSO\ÀRZLQJK\GURJHQJDVWKURXJKD
FU\RJHQLF WXEH VXEPHUVHG LQ OLTXLG QLWURJHQ54 $ KLJK
WKURXJKSXWV\VWHPWRJHQHUDWHDQGVWRUHXSWREDURI
SDUDK\GURJHQ KDV EHHQ GHYHORSHG IRU ELRPHGLFDO DSSOLFD-
WLRQV55RQFHVWRUHGSDUDK\GURJHQHQULFKPHQWFDQEHPDLQ-
WDLQHG IRU PRQWKV SURYLGHG WKDW SDUDPDJQHWLF PROHFXODU
R[\JHQLVQRWSUHVHQW566HYHUDODXWRPDWHG3+,3SRODUL]HUV
IRU ORZ¿HOG K\GURJHQDWLRQ DQG SRODUL]DWLRQ WUDQVIHU KDYH
EHHQ GHYHORSHG± LQFRUSRUDWLQJ KHDWHG KLJKSUHVVXUH
VSUD\ UHDFWRUV KRZHYHU SURPLVLQJ UHVXOWV KDYH DOVR EHHQ
REWDLQHGE\VLPSO\VKDNLQJRUEXEEOLQJRIDSDUDK\GURJHQ
¿OOHG105WXEHIROORZHGE\¿HOGF\FOLQJE\KDQGVHHHJ
&KXNDQRYHWDO,QDGGLWLRQXQOLNHG'13LWLVSRVVLEOHWR
SHUIRUP ERWK WKH K\GURJHQDWLRQ UHDFWLRQ DQG SRODUL]DWLRQ
WUDQVIHUDQGJHQHUDWHKHWHURQXFOHDUK\SHUSRODUL]DWLRQZLWKLQ
WKH105PDJQHWLWVHOIPLQLPL]LQJWKHWLPHIRUSRODUL]DWLRQ
GHFD\
d-DNP-polarized [1-13C]pyruvate: the pathway to 
clinical application
$EQRUPDO PHWDEROLVP LV D KDOOPDUN RI FDQFHU FDUGLRYDV-
FXODUGLVHDVHDQGRWKHUSDWKRORJLHVDQGLVLQWULQVLFDOO\OLQNHG
WRLQÀDPPDWLRQDQGLPPXQHUHVSRQVH )ÀXRURGHR[\JOX-
FRVH )'* D JOXFRVH DQDORJ LV URXWLQHO\ XVHG IRU KLJK
VHQVLWLYLW\ DQG VSHFL¿FLW\ FOLQLFDO 3(7 LPDJLQJ RI JOXFRVH
PHWDEROLVPDQGLVWKHUHFRPPHQGHGFOLQLFDOLQGLFDWRUIRU
KHDG QHFN OXQJ DQG SDQFUHDWLF FDQFHU64 +RZHYHU VLQFH
)'*SKRVSKDWHGRHVQRWXQGHUJRIXUWKHUJO\FRO\VLV)'*
3(7 FDQQRW SUREH PHWDEROLVP EH\RQG WKH ¿UVW VWHS RI WKH
JO\FRO\VLVSDWKZD\ ,Q WKLV UHVSHFW G'13RI >&@S\UX-
YDWHUHSUHVHQWVDVLJQL¿FDQWGHYHORSPHQWSHUPLWWLQJXQSUHF-
HGHQWHG DFFHVV WR GRZQVWUHDP PHWDEROLWHV WR IXUWKHU DLG
XQGHUVWDQGLQJRIFDQFHUDQGGLVHDVHPHFKDQLVPV
:KLOVWWKH¿UVWin vivoVWXGLHVRIDPROHFXOHSRODUL]DWLRQ
E\G'13ZHUHSHUIRUPHGZLWK+3&XUHD65LWZDVTXLFNO\
UHDOL]HG WKDW >&@S\UXYDWH ZKLFK SOD\V D FULWLFDO UROH LQ
PHWDEROLVPVHH)LJLVDQLGHDOPROHFXOHIRUG'13VLQFH
LWLVVHOIJODVV\DQGKDVORQJ7IRU&DWWKHDQGSRVLWLRQVa±V66*ROPDQHWDO67GHPRQVWUDWHGWKH¿UVWUHDOWLPH
PHWDEROLFLPDJLQJRIPHWDEROLFSURGXFWLRQRI>&@ODFWDWH
>&@DODQLQH DQG >&@ELFDUERQDWH IURP K\SHUSRODUL]HG
>&@S\UXYDWHLQKHDOWK\UDWVDQGSLJVDQGGHPRQVWUDWHGGLI-
IHUHQFHV LQ PHWDEROLWH VLJQDO LQWHQVLW\ LQ WXPRU WLVVXHV ,Q
FDQFHU FHOOV JO\FRO\VLVSUHYDLOVRYHUR[LGDWLYHSKRVSKRU\OD-
WLRQDQGWKHFRQYHUVLRQRIS\UXYDWHWRODFWDWHYLDODFWDWHGHK\-
GURJHQDVH LV XSUHJXODWHG WKLV LV NQRZQ DV WKH :DUEXUJ
HIIHFW7RGDWHLQFUHDVHG+3>&@S\UXYDWHWR>&@ODF-
WDWHFRQYHUVLRQKDVEHHQXVHGDVWKHSULQFLSDORXWFRPHRI+3
>&@S\UXYDWH05,VWXGLHVLQVHYHUDOW\SHVRIFDQFHUV± 
7KH KLJK VHQVLWLYLW\ RI +3 >&@S\UXYDWH 05, DIIRUGV WKH
SRVVLELOLW\ RI QRQLQYDVLYH DVVHVVPHQW RI FDQFHU WUHDWPHQW
UHVSRQVH ¿UVW GHPRQVWUDWHG E\ 'D\ HW DO74 ZKR VKRZHG D
GHFUHDVHLQRI+3&S\UXYDWH±ODFWDWHÀX[DIWHUFKHPRWKHUDS\
7KHWHFKQLTXHKDVVLQFHEHHQDSSOLHGLQVHYHUDOVWXGLHVRIUDGL-
RWKHUDS\UHVSRQVHDQGDVVHVVPHQWRIRWKHUWUHDWPHQWV 
DQG UHSRUWHG WRSUHVHQWDYLDEOHFOLQLFDODOWHUQDWLYH WR)'*
3(7IRUHDUO\WXPRUUHVSRQVHLQDSUHFOLQLFDOVWXG\
,QDODQGPDUNSDSHU1HOVRQHWDOUHSRUWHGWKHXWLOL]DWLRQ
RI*(¶VSURWRW\SHVWHULOHG'13V\VWHP6WRSHUIRUPWKH¿UVW
in-man +3 >&@S\UXYDWH 05 VSHFWURVFRS\ DQG LPDJLQJ
IHDVLELOLW\ VWXG\ RI SDWLHQWV ZLWK SURVWDWH FDQFHU4 GHPRQ-
VWUDWLQJ GLVWLQFWLRQ RI KLJK DQG ORZJUDGH WXPRUV 7KLV
GHYHORSPHQWKDVRSHQHGWKHGRRUWRUHDOL]HUHDOWLPHFOLQLFDO
PHWDEROLF LPDJLQJ ZLWK +3 >&@S\UXYDWH DQG WKH UDSLG
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XSWDNHRIWKHWHFKQRORJ\LVHSLWRPL]HGE\WKHIDFWWKDWPRUH
WKDQ*(6SLQ/DESRODUL]HUVKDYHEHHQLQVWDOOHGZRUOGZLGH
ZLWKFORVH WRKDOISUHVHQWO\ LQXVHIRUKXPDQVWXGLHV)LUVW
UHSRUWVRIWKHDSSOLFDWLRQRI>&@S\UXYDWHWRVWXG\PHWDE-
ROLVPLQWKHKHDOWK\KXPDQKHDUWDQGEUDLQKDYHUHSRUWHG
JRRGWROHUDQFHRIWKHSURFHGXUHDQGFRQWULEXWHGYDOXDEOHUHI-
HUHQFHGDWDIRU LQWHUSUHWDWLRQRISDWLHQWVWXGLHV ,QSURVWDWH
FDQFHU+3>&@S\UXYDWHKDVEHHQVKRZQ WRGHWHFWHDUO\
UHVSRQVHWRDQGURJHQGHSULYDWLRQWKHUDS\ZLWKDVHQVLWLYLW\
H[FHHGLQJWKDWRI7DQGGLIIXVLRQZHLJKWHG05,3UHOLPL-QDU\UHSRUWVLQSDWLHQWVZLWKOLYHUPHWDVWDVHVDQGWKRVHZLWK
EUDLQWXPRUVGHPRQVWUDWHWKHZLGHUDQJHRISRWHQWLDOWDU-
JHWVRIWKHWHFKQRORJ\DQGSURYLGHLPSRUWDQWSLORWGDWDIRU
IXWXUHWULDOV6HYHUDORIWKHVHHDUO\FOLQLFDOUHVXOWVDUHVXP-
PDUL]HG LQ )LJ  )XUWKHUPRUH DW WKH  ,QWHUQDWLRQDO
6RFLHW\ IRU 0DJQHWLF 5HVRQDQFH LQ 0HGLFLQH ,6050
PHHWLQJ ¿UVW +3 >&@S\UXYDWH GDWD LQ KXPDQ SDWLHQWV
ZLWKEUHDVWFDQFHULQZKLFKWKHUHODWLRQVKLSEHWZHHQLQWHUWX-
PRUDOKHWHURJHQHLW\DQGJHQHH[SUHVVLRQDQDO\VLVZDVLQYHV-
WLJDWHG DQG SUHOLPLQDU\ longitudinal +3 >&@S\UXYDWH
GDWD LQ JOLRPD SDWLHQWV ZDV UHSRUWHG KLJKOLJKWLQJ WKH
DGYDQWDJHVRI WKHQRQLQYDVLYHQDWXUHRI WKH WHFKQLTXH IRU
VKRUWDQGORQJWHUPSDWLHQWIROORZXS0RUHRYHUPRUHWKDQ
 FOLQLFDO WULDOV VXP RI FRPSOHWHG RQJRLQJ DQG SHQGLQJ
WULDOVDUHUHJLVWHUHGRQWKH86DQG(XURSHDQFOLQLFDOWULDOV
UHJLVWULHV VXPPDUL]HG LQ 7DEOH  WDUJHWLQJ D UDQJH RI
FRQGLWLRQVLQFOXGLQJSURVWDWHEUDLQEUHDVWRYDULDQXWHULQH
SDQFUHDWLF DQG VNLQ FDQFHUV LQ DGGLWLRQ WR FDUGLRYDVFXODU
LQGLFDWLRQV DQG RWKHU EUDLQ SDWKRORJLHV &RPSDULVRQ ZLWK
)'*3(7WRIXUWKHUFRPSUHKHQGWKHFRPSOHPHQWDU\LQIRU-
PDWLRQWKDWFDQEHREWDLQHGLVDFULWLFDOQH[WVWHSWRDLG
LQWHUSUHWDWLRQ RI KXPDQ +3 >&@S\UXYDWH GDWD DQG
HQFRXUDJHIXUWKHUFOLQLFDOGLVVHPLQDWLRQ
$V WKHQXPEHURIFOLQLFDOVWXGLHVZLWK >&@S\UXYDWH
LQFUHDVHV WKHUH LV D JURZLQJ QHHG IRU UREXVW TXDQWLWDWLRQ
PHWKRGVWKDWFDQEHDSSOLHGXQLYHUVDOO\IRUPXOWLVLWHYDOLGD-
WLRQ VWXGLHV7\SLFDOO\+3 >&@S\UXYDWH05H[DPLQD-
WLRQV LQFOXGH G\QDPLF VSHFWURVFRS\ RI WKH WLPHFRXUVH RI
PHWDEROLF FRQYHUVLRQ RI S\UXYDWH LQ DGGLWLRQ WR LPDJLQJ
6HPLTXDQWLWDWLYHDQDO\VLVRIPHWDEROLFG\QDPLFVPHDVXUHG
E\05VSHFWURVFRS\FDQEHSHUIRUPHGXVLQJRQHRIVHYHUDO
PRGHOVWKDWKDYHEHHQGHYHORSHGWRGHVFULEHWKHUDWHRIS\UX-
YDWH±ODFWDWHFRQYHUVLRQkPL)RUWKHPRVWVLPSOHWZRFRP-SDUWPHQW PRGHO RI S\UXYDWHODFWDWH FRQYHUVLRQ ZULWWHQ LQ
PDWUL[IRUPVHHHJ+DUULVRQHWDODQG+DUULVHWDO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ZKHUHPZDQGLZDUHWKHzPDJQHWL]DWLRQRIS\UXYDWHDQGODF-WDWH UHVSHFWLYHO\kLP LV WKHUHYHUVH ODFWDWH±S\UXYDWHFRQ-YHUVLRQ UDWH DQG r a
i i
T= -1 1/ log (cos ( )) /, TR  GHVFULEHV
T UHOD[DWLRQ DQG 5)LQGXFHG GHSRODUL]DWLRQ >FI (TXDWLRQ@ 7KLV HTXDWLRQ FDQ EH DQDO\WLFDOO\74 RU QXPHULFDOO\
VROYHGDQGXWLOL]HGWR¿WWKHPDJQHWLFUHVRQDQFHVSHFWURVFRS\
Fig. 3 Schematic of glycolysis, 
pyruvate metabolism to alanine 
and lactate, and the tricarboxylic 
acid (TCA) cycle within the mito-
chondria. Green circles: products 
of [1-13C]pyruvate; red triangles: 
products of [2-13C]pyruvate.
N.J. Stewart et al.
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056 VLJQDO LQWHQVLWLHV RI ODFWDWH DQG S\UXYDWH VHH IRU
H[DPSOHWKHGDWDLQ)LJD WR\LHOGkPLDVDPHWULFRI WKH:DUEXUJ HIIHFW 0RGHOIUHH DSSURDFKHV VXFK DV WKH DUHD
XQGHUWKHVLJQDOWLPHFXUYHDQGWLPHWRSHDNSUHVHQWVLPSOH
UREXVWDOWHUQDWLYHV&6,EDVHGWHFKQLTXHV\LHOGLQGLYLGXDO
LPDJHVIRUHDFKPHWDEROLFSURGXFWDQGUDWLRPDSVRIODFWDWH
WRS\UXYDWH VLJQDO LQWHQVLW\DUHFRPPRQO\XVHG WRSURYLGH
VRPHGHJUHHRITXDQWLWDWLRQLQDUHJLRQDOPDQQHU
d-DNP beyond [1-13C]pyruvate: other candidate 
molecular probes
7KHUDQJHRIPROHFXODULPDJLQJWDUJHWVWKDWFDQEHSRODUL]HG
E\G'13LVYDVWDQGDQH[KDXVWLYHOLVWLVEH\RQGWKHVFRSH
RIWKHSUHVHQWDUWLFOH,QWKHIROORZLQJZHLQWURGXFHVHYHUDORI
WKHPRVWSURPLVLQJG'13SRODUL]DEOH&PROHFXODUSUREHV
IRUELRPHGLFDODSSOLFDWLRQVVHH7DEOHIRUDVXPPDU\
:KLOH WKH ODUJH PDMRULW\ RI SUHFOLQLFDO DQG FOLQLFDO
VWXGLHV WRGDWHKDYHH[SORLWHG WKHVHQVLWLYLW\RI+3>C]
S\UXYDWHWRWKH:DUEXUJHIIHFWLHS\UXYDWH±ODFWDWHPHWDER-
OLVPWKH&DWRPRIWKHUHPDLQLQJS\UXYDWHWKDWHQWHUVLQWRWKHPLWRFKRQGULDLVR[LGL]HGWR&2DQGVXEVHTXHQWO\FRQ-YHUWHGWRELFDUERQDWHDQGWKXVFDQQRWEHXVHGWRSUREHWUL-
FDUER[\OLFDFLG 7&$F\FOHPHWDEROLVP+RZHYHU WKH& DWRP SDVVHV WR DFHW\O&R$ DQG HQWHUV LQWR WKH7&$ F\FOH
H[KLELWLQJVHYHUDOPHWDEROLFIDWHV)LJVDQGE6FKURHGHU
HW DO ¿UVW UHSRUWHG GHWHFWLRQ RI GRZQVWUHDP PHWDEROLWHV
LQFOXGLQJ>&@DFHW\OFDUQLWLQH>&@FLWUDWH>&@JOXWD-
PDWHLQSHUIXVHGUDWKHDUWVDIWHULQMHFWLRQRI+3>&@S\UX-
YDWH ZLWK GHFUHDVHG FLWUDWH DQG JOXWDPDWH SURGXFWLRQ
SRVWLVFKHPLD ,QUHVSRQVHWRUDSLGSDFLQJFKDOOHQJHin vivo 
PHDVXUHPHQWV RI FDUGLDF PHWDEROLVP VKRZHG LQFUHDVHG
>&@JOXWDPDWH SURGXFWLRQ DQG LQFUHDVHG JOXWDPDWH
Fig. 4 Clinical examples of hyperpolarized [1-13C]pyruvate MRI. (a) Representative dynamic 13C MRS data of pyruvate and lactate signal 
in prostate cancer region and contralateral prostate region of a prostate cancer patient, and lactate/pyruvate signal ratio map overlaid 
on a T2-weighted 
1H MR image (adapted from Figs. 2 and 4, respectively of Nelson et al.4 reprinted with permission from the American 
Association for the Advancement of Science (AAAS)). (b) HP [1-13C]pyruvate, lactate and bicarbonate MR images and a non-selective MR 
spectrum of the healthy human heart (adapted from Figs. 1 and 3, respectively of Cunningham et al.80 reprinted with permission from 
Wolters Klumer Health, Inc). (c) Comparison of HP [1-13C]pyruvate and lactate MR images to contrast-enhanced T1-weighted MRI and 
perfusion plasma volume mapping in a patient with recurrent glioblastoma (adapted from Fig. 4 of Miloushev et al.85 permission from the 
American Association for Cancer Research (AACR)).
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Table 1 Summary of ongoing clinical trials pertaining to hyperpolarized 13C MRI (from clinicaltrials.gov, clinicaltrialsreg-
ister.eu and drks.de, accessed on 2019/06/12)
Primary condition 
(number of trials)
Participating center (country) Enrollment†
Brain cancer6 Sunnybrook Health Sciences Centre, Toronto (Canada) 121
UT Southwestern Medical Center, Dallas (USA) 44
M D Anderson Cancer Center, Dallas (USA) 13
University of California San Francisco, San Francisco (USA) 80
UCSF Helen Diller Family Comprehensive Cancer Center, San 
Francisco (USA)
9
Uterine and ovarian cancer2 Sunnybrook Health Sciences Centre, Toronto (Canada) 10
Addenbrooke’s Hospital, Cambridge (UK) 40
Breast cancer2 UT Southwestern - Advanced Imaging Research Center, Dallas (USA) 110
Sunnybrook Health Sciences Centre, Toronto (Canada) 13
Traumatic brain injury and 
CNS tumors2
UT Southwestern Medical Center, Dallas (USA) 16
Stanford University School of Medicine, Palo Alto (USA) 10
Other: Sarcoma1 Advanced Imaging Research Center, Dallas (USA) 20
Fatty liver1 UT Southwestern Medical Center, Dallas (USA) 16
Pancreatic cancer1 Aarhus University Hospital, Aarhus (Denmark) 15
Skin cancer1 Aarhus University Hospital, Aarhus (Denmark) 30
General cancer1 Memorial Sloan Kettering Cancer Center, New York (USA) 84
Prostate cancer9 University of California San Francisco, San Francisco (USA) 261
Sunnybrook Health Sciences Centre, Toronto (Canada) 40
M D Anderson Cancer Center, Dallas (USA) 10
Cardiovascular disease5 UT Southwestern Medical Center, Dallas (USA) 10
Sunnybrook Health Sciences Centre, Toronto (Canada) 112
University College London, London (UK) 25
University Hospital Zurich, Zurich (Switzerland) 50
Aarhus University Hospital, Aarhus (Denmark) 20
†Enrollment: approximate patient numbers scanned or anticipated (in cases of multiple studies at the same center, enrollment 
represents a summation of the enrollment for each individual study).
Table 2 Non-exhaustive list of 13C MR molecular probes polarizable by dynamic nuclear polarization (adapted with the publisher’s 
permission from Table 1 of Hurd et al.163) and their chemical shift (and literature reference)
HP 13C probe (chemical shift) Metabolic products (chemical shift) Biomedical applications
[1-13C]Pyruvate (173 ppm)164 [1-13C]Lactate (185 ppm), [1-13C]alanine (178 ppm), 
[1-13C]bicarbonate (162 ppm), [1-13C]pyruvate hydrate 
(181 ppm)164
Warburg effect (cancer)
[2-13C]Pyruvate (208 ppm)96 [2-13C]Lactate (71 ppm),96 [2-13C]alanine (53 ppm), 
[1-13C]citrate (180–181 ppm),165 [5-13C]glutamate 
(184 ppm), [1-13C]acetylcarnitine (175 ppm), [3-13C]
acetoacetate (177 ppm)96
Tricarboxylic acid (TCA) 
cycle metabolism
13C-Urea (162.5 ppm)100 None (end product) Perfusion
[1,4-13C2]Fumarate (175.4 ppm)
103 [1-13C]Malate (181.8 ppm), [4-13C]Malate (180.6 ppm)103 Cellular necrosis
[1-13C] Dehydroascorbate (174.0 ppm)109 [1-13C]Ascorbic acid (vitamin C) (177.8 ppm)109 Redox status
13C-Bicarbonate (161 ppm)113 Carbon dioxide (125 ppm)113 pH mapping
[1,5-13C2]Zymonic acid (ppmurea + 10–15 ppm)
116* None
[5-13C]Glutamine (178.5 ppm)166 [5-13C]Glutamate (181.5 ppm)166 Glutaminase metabolism, 
TCA cycle metabolism[1-13C]a-ketoglutarate (172.6 ppm)117 [1-13C]Glutamate (177.5 ppm)117
[1-13C]Acetate (182.5 ppm)120 [1-13C]Acetylcarnitine (202.1 ppm)120 Acetyl-CoA synthetase 
activity
*pH-dependent chemical shift.
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DFHWRDFHWDWH DQG DFHW\OFDUQLWLQH SURGXFWLRQ ZDV REVHUYHG
SRVWLQMHFWLRQRIDQDQWLFDQFHUDJHQWLQUDWV7KH¿UVWFOLQ-
LFDO05VSHFWURVFRS\DQGLPDJLQJGDWDRI+3>&@S\UX-
YDWH LQ WKH KHDOWK\ KXPDQ EUDLQ ZDV UHSRUWHG DW WKH 
,6050 PHHWLQJ KRZHYHU DSSOLFDWLRQ RI WKH SUREH
UHPDLQVFKDOOHQJLQJGXHWRWKHUHODWLYHO\ORZFRQFHQWUDWLRQ
RI GRZQVWUHDP PHWDEROLWHV JHQHUDWHG LQ RQH VWXG\ QRQH
ZHUHGHWHFWDEOH66
>&@XUHD WKH¿UVWK\SHUSRODUL]HG&PROHFXODU05
LPDJLQJDJHQWGHPRQVWUDWHGE\WKHG'13PHWKRGLVPHW-
DEROLFDOO\ LQHUWDQGVKRZVSURPLVHDVD+305,DJHQW IRU
SHUIXVLRQ DVVHVVPHQW )XUWKHUPRUH >&@XUHD FDQ EH
FRSRODUL]HGZLWK >&@S\UXYDWH IRU VLPXOWDQHRXV DVVHVV-
PHQWRIPHWDEROLVPDQGSHUIXVLRQ DQGFRODEHOLQJZLWK
1 H[KLELWVSURORQJHG &UHOD[DWLRQ WLPHVDQG LPSURYHG615 IDFLOLWDWLQJ IRU H[DPSOH WKH LQYHVWLJDWLRQ RI UHQDO
IXQFWLRQDOFKDQJHV
>C@IXPDUDWHFDQEHK\SHUSRODUL]HGE\G'13DQGWKHUDWHRILWVFRQYHUVLRQWRPDODWHFDWDO\]HGE\IXPDUDVHLV
LQGLFDWLYH RI FHOOXODU QHFURVLV +3 >C@IXPDUDWHH[KLELWV KLJK VHQVLWLYLW\ WR QHFURVLV LQ P\RFDUGLDO LQIDUF-
WLRQDQGDFXWHNLGQH\LQMXU\DPRQJRWKHUWLVVXHSDWKROR-
JLHVLVFRPSOHPHQWDU\WR>&@S\UXYDWHLQWKHDVVHVVPHQW
RIWUHDWPHQWUHVSRQVH)LJDLQEUHDVWFDQFHUDQGHI¿-
FLHQWFRSRODUL]DWLRQVFKHPHVRIIHUVLPXOWDQHRXVSURELQJRI
PXOWLSOHPHWDEROLFSDWKZD\V
+\SHUSRODUL]DWLRQRIWKHUHGXFHGDQGR[LGL]HGIRUPVRI
YLWDPLQ &²QDPHO\ >&@GHK\GURDVFRUEDWH DQG >C]
DVFRUEDWHUHVSHFWLYHO\²RIIHUVDQRYHOPHDQVWRSUREHLQWUD-
FHOOXODUUHGR[VWDWXVDFULWLFDOIDFWRULQQRUPDODQGDEQRUPDO
FHOOXODUIXQFWLRQ+LJKFRQFHQWUDWLRQVRI>&@DVFRU-
EDWHFDQEHREVHUYHGSRVWLQMHFWLRQRI>&@GHK\GURDVFRU-
EDWH DQG UHGXFHG +3 >&@DVFRUEDWH VLJQDO KDV EHHQ
XWLOL]HGDVDQ05ELRPDUNHURIUHQDOR[LGDWLYHVWUHVV
6HYHUDO +3 &EDVHG PROHFXODU SUREHV KDYH EHHQ SUR-
SRVHGIRUPHDVXUHPHQWRIS+DFULWLFDOSK\VLRORJLFDOIDFWRU
,QSDUWLFXODULQMHFWLRQRIK\SHUSRODUL]HG&ELFDUERQDWHDQG
PRQLWRULQJRI LWVFRQYHUVLRQ WR COKDVEHHQSURSRVHG WRPRQLWRUS+DQGGHPRQVWUDWHVVHQVLWLYLW\WRDEQRUPDOS+LQ
FDQFHUDQGLVFKHPLFKHDUWGLVHDVH$QDOWHUQDWLYHPHWKRG
LQYROYHVPRQLWRULQJ WKH+3 CO SURGXFWLRQ IURP LQMHFWHG>&@S\UXYDWH5HFHQWO\+3> C@]\PRQLFDFLGKDVEHHQSURSRVHGIRUKLJKVHQVLWLYLW\in vivoS+PDSSLQJH[KLE-
LWLQJDS+VHQVLWLYHFKHPLFDOVKLIWDQG7EHQH¿WVRYHU>C]ELFDUERQDWH
7RSUREHJOXWDPLQDVHDQGDODQLQHWUDQVDPLQDVHPHWDER-
OLVP UHVSHFWLYHO\ +3 >&@JOXWDPLQH DQG >&@JOXWD-
PDWH KDYH EHHQ LQYHVWLJDWHG &RQYHUVLRQ RI LQMHFWHG +3
>C]aNHWRJOXWDUDWH WR >&@JOXWDPDWH KDV EHHQ SUR-
SRVHGDVDSRWHQWLDOELRPDUNHURILVRFLWUDWHGHK\GURJHQDVH
JHQHPXWDWLRQVLQJOLRPD$OWKRXJKWKHORQJLWXGLQDOUHOD[-
DWLRQRI&QXFOHDUVSLQVLQWKHJOXFRVHPROHFXOHLVH[WUHPHO\
VKRUW SHUGHXWHUDWLRQ KDV IDFLOLWDWHG VWXGLHV RI JO\FRO\VLV
XVLQJ+3>8&@JOXFRVHLQFHOOVDQGin vivo7KHDFWLRQ
RI DFHW\O&R$ V\QWKHWDVH LQ JHQHUDWLQJ DFHW\O&R$²D
FUXFLDO PROHFXOH LQ IDWW\ DFLG V\QWKHVLV DQG 7&$ F\FOH
PHWDEROLVP²KDVEHHQ LQYHVWLJDWHGZLWK+3 >&@DFHWDWH
LQWKHKHDUWDQGVNHOHWDOPXVFOH
PHIP: candidate 13C molecular and metabolic  
MRI probes
7KHFKRLFHRIPROHFXODUSUREHVIRUFRQYHQWLRQDOK\GURJHQD-
WLYH3+,3LVIXQGDPHQWDOO\OLPLWHGE\WKHUHTXLUHPHQWRIDQ
XQVDWXUDWHGSUHFXUVRUVXEVWUDWHLHDPROHFXOHFRQWDLQLQJD
GRXEOH RU WULSOH ERQG WR ZKLFK SDUDK\GURJHQ LV DGGHG WR
\LHOG WKHK\SHUSRODUL]HGSUREH1HYHUWKHOHVV DQXPEHU
RISURPLVLQJ+3&SUREHVIRUELRPHGLFDO05DSSOLFDWLRQV
FDQEHSURGXFHGZLWKDSRODUL]DWLRQOHYHOFRPSDUDEOHWRRU
DSSURDFKLQJWKDWRIG'136RPHRIWKHVHDUHKLJKOLJKWHGLQ
WKHIROORZLQJWH[WDQGDOVRLQ7DEOHIRUDQH[KDXVWLYHOLVW
ZHUHIHUWKHUHDGHUWR+|YHQHUHWDO
7RGDWHVRPHRIWKHPRVWSURPLVLQJSUREHVIRUPHWDEROLF
05, E\ 3+,3 DUH EDVHG RQ VXFFLQDWH DQG LWV GHULYDWLYHV 
)LJWKHPHWDEROLFDFWLYLW\RIZKLFKZDVLQWURGXFHGHDU-
OLHU +\SHUSRODUL]HG >&@VXFFLQDWH FDQ EH JHQHUDWHG E\
RQHRIWZR3+,3VWUDWHJLHVWZRVWHSSDUDK\GURJHQDGGLWLRQ
¿UVWWR>&@DFHW\OHQHGLFDUER[\ODWH$'&WR\LHOG>C]
PDOHDWH WR ZKLFK SDUDK\GURJHQ LV DGGHG DJDLQ WR \LHOG
>&@VXFFLQDWHRUE\VLQJOHVWHSSDUDK\GURJHQDGGLWLRQ
WR >&@IXPDUDWH 7KH ODWWHU PHWKRG RIIHUV D SUR-
ORQJHG>&@VXFFLQDWHSRODUL]DWLRQOLIHWLPHSDUWLFXODUO\LI
GHXWHUDWHG IXPDUDWH LV XVHG DQG DOVR UHGXFHV WKH ULVN RI
XQGHVLUHGLQMHFWLRQRI$'&ZKLFKLVPLOGO\WR[LFDQGDOVR
WKH LQWHUPHGLDWH PDOHDWH:KLOVW LQLWLDO in vivo H[SHUL-
PHQWVLQWKHUDWEUDLQGLGQRWH[KLELWFOHDUPHWDEROLFFRQYHU-
VLRQ RI 3+,3SRODUL]HG >&@VXFFLQDWH WKH VHFRQG
K\GURJHQDWLRQ DSSURDFK HQDEOHG GHWHFWLRQ RI GRZQVWUHDP
7&$ F\FOH PHWDEROLWHV LQ D PXULQH WXPRU PRGHO 
)XUWKHUPRUHWKHGLHWK\OHVWHURI>&@VXFFLQDWHGHULYHGE\
SDUDK\GURJHQDGGLWLRQRIGLHWK\O>&@IXPDUDWHDSSHDUVWR
H[KLELWVRPH7&$F\FOHPHWDEROLFVHQVLWLYLW\DQGZDVVKRZQ
WRGLVWLQJXLVKPXULQHWXPRUFKDUDFWHULVWLFV
+\SHUSRODUL]HGK\GUR[\HWK\O>&@SURSLRQDWHSURGXFHG
E\ SDUDK\GURJHQ DGGLWLRQ RI K\GUR[\HWK\O>&@DFU\ODWH
+($ SUHVHQWV D SRWHQWLDO KLJKVHQVLWLYLW\ 3+,3 FRQWUDVW
DJHQWIRUDQJLRJUDSK\DSSOLFDWLRQV,QDUHFHQWVWXG\WKH
HQWLUHSURFHVVRISDUDK\GURJHQDGGLWLRQ WR+($ IROORZHGE\
SRODUL]DWLRQ WUDQVIHU LQMHFWLRQ DQG in vivo 05, GHWHFWLRQ RI
+(3 ZDV UHDOL]HG ZLWKLQ DQ 05, V\VWHP LH ZLWKRXW WKH
UHTXLUHPHQWRIDQH[WHUQDOSRODUL]HU6LQFHK\GUR[\HWK\O>
&@SURSLRQDWHLVHDVLO\SRODUL]HGE\3+,3DQGKDVVWURQJZHOO
GH¿QHG KHWHURQXFOHDU VSLQ±VSLQ FRXSOLQJV LW KDV DOVR EHHQ
XWLOL]HGWRYDOLGDWHVHYHUDOQRYHOWHFKQLTXHVIRURSWLPL]DWLRQRI
SRODUL]DWLRQWUDQVIHUEHWZHHQSDUDK\GURJHQDQG&
+\SHUSRODUL]HGWHWUDÀXRURSURS\O>&@SURSLRQDWH7)33
FDQEHGHULYHGSDUDK\GURJHQDGGLWLRQRIWKHFRUUHVSRQGLQJ
DFU\ODWHSUHFXUVRUDQGVXEVHTXHQWSRODUL]DWLRQWUDQVIHUDQG
KDVEHHQSURSRVHGDVD³WDUJHWHG´PROHFXODUDJHQWIRULQWHU-
URJDWLQJ OLSLGULFK DWKHURVFOHURWLF SODTXHV +RZHYHU
ZKLOVW+3&+(3DQG&VXFFLQDWHFDQEHJHQHUDWHGLQWKH
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Fig. 5 Pre-clinical MRI examples of promising HP 13C probes other than [1-13C]pyruvate. (a) HP 13C chemical shift imaging (CSI) of cel-
lular necrosis pre- and post-etoposide treatment (increased necrosis) in a murine tumor model after HP [1,4-13C2]fumarate injection, and 
13C MR spectra obtained from murine lymphoma cells; (i) untreated, (ii) post-etoposide treatment, (iii) lysed cells, demonstrating a strong 
relationship between malate production and necrosis (adapted from Figs. 1 and 4 of Gallagher et al.103 with the publisher’s permission). 
(b) CSI-derived maps and accompanying spectra of metabolites derived from mitochondrial metabolism after injection of [2-13C]pyruvate 
into a healthy rat, exhibiting [1-13C]acetyl carnitine and tricarboxylic acid (TCA) cycle-derived [5-13C]glutamate resonances (adapted with 
the publisher’s permission from Park et al.167). Results obtained pre- and post-injection of dichloroacetate (DCA), a proposed anti-cancer 
drug used to influence acetyl-CoA production by modulating pyruvate dehydrogenase, are shown.
a
b
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Table 3 Non-exhaustive list of 13C MR molecular probes polarizable by parahydrogen-induced polarization (adapted with the 
 publisher’s permission from Table 1 of Hövener et al.41 and their chemical shift (and literature reference†)
HP 13C precursor Hydrogenation products Biomedical applications
[1-13C]Acetyl dicarboxylic acid (151.6 ppm)155 [1-13C]Maleate (160 ppm) → [1-13C]Succinate (175 ppm)124 Tricarboxylic acid (TCA) 
cycle metabolism
[1-13C]Fumarate (166.5 ppm)155 [1-13C]Succinate (175 ppm)124
Diethyl[1-13C]fumarate (167.4 ppm)127 Diethyl[1-13C]succinate (175.8 ppm)127 TCA cycle metabolism
13C-Hydroxyethyl-acrylate 13C-Hydroxyethylpropionate (~180 ppm)50 Angiography
Tetrafluoropropyl[1-13C]acrylate Tetrafluoropropyl[1-13C]propionate (174 and 177 ppm)133 Atheromatous plaques
[1-13C]Phosphoenol-pyruvate (171.9 ppm)135 [1-13C]Phospholactate → [1-13C]Lactate (182.1 ppm)135 Gluconeogenesis, lactate 
dehydrogenase metabolism
Propargyl[1-13C]pyruvate  
(160 ppm)60
Allyl[1-13C]pyruvate (160.5 ppm)60 → [1-13C]pyruvate 
(173 ppm) after hydrolysis
Warburg effect (cancer)
Vinyl[1-13C]acetate  
(168 ppm)60
Ethyl[1-13C]acetate (174 ppm)147 → [1-13C]acetate  
(182.5 ppm) after hydrolysis
Acetyl-CoA synthetase 
activity
†Chemical shift values only quoted for the particular solvent in the literature reference cited.
Fig. 6 In vivo magnetic resonance imaging (MRI) application of several hyperpolarized 13C probes generated by parahydrogen-induced 
polarization (PHIP). (a) MRI angiogram of HP 13C-labeled malate dimethyl ester with corresponding 1H spin echo reference image of a 
healthy rat (adapted with permission from Golman et al.49). (b) Chemical shift imaging (CSI) of HP diethyl [1-13C]succinate in a murine 
model of renal cell carcinoma (reproduced from Zacharias et al.126 under the Creative Commons Attribution License). The 13C spectrum 
corresponding to the pixel indicated by the white square shows tricarboxylic acid (TCA) cycle metabolism of diethyl succinate (DES) to 
succinate (SUC) and fumarate (FUM). (c) Representative HP tetrafluoropropyl [1-13C]propionate (TFPP) fast imaging with steady-state 
precession (FISP) image overlaid on a 1H RARE image, and HP 13C-TFPP spectra obtained from low density lipoprotein receptor (LDLR) 
deficient mice compared with control mice, demonstrating excess lipid in LDLR mice (reproduced from Bhattacharya et al.133 with the 
publisher’s permission).
a b c
SXUH DTXHRXV SKDVH XVLQJ D ZDWHUVROXEOH FDWDO\VW 7)33
UHTXLUHV D KLJK GRVH RI HWKDQRO DV D FRVROYHQW OLPLWLQJ
SRWHQWLDOin vivoDSSOLFDWLRQV
6LQFH>&@HWK\OS\UXYDWHHVWHUKDVEHHQVKRZQWREH
SRODUL]DEOHE\G'13DQGVKRZVVRPHSURPLVHLQFRPSDU-
LVRQ WR >&@S\UXYDWH IRU IXQFWLRQDO EUDLQ LPDJLQJ
DSSOLFDWLRQV WKH K\GURJHQDWLRQ SUHFXUVRU >&@YLQ\O
S\UXYDWHLVDQLQWHUHVWLQJSRWHQWLDOWDUJHWIRU3+,3KRZHYHU
DQHI¿FLHQWV\QWKHVLVURXWHUHPDLQVHOXVLYH
6KFKHSLQ HW DO KDYH SURSRVHG >&@SKRVSKRODF-
WDWH WKHK\GURJHQDWLRQSURGXFWRI>&@SKRVSKRHQROS\UX-
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LV VXEVHTXHQWO\ WDNHQ XS E\ WXPRUV DQG VHYHUDO FULWLFDO
RUJDQV 7KH K\GURJHQDWLRQ UHDFWLRQ FDQ UHODWLYHO\
HDVLO\ EH SHUIRUPHG LQ ZDWHU ZKLFK KROGV SURPLVH IRU
IXWXUHELRPHGLFDOVWXGLHV
(VWHUGHULYDWLYHVRI&JOXFRVHKDYHEHHQGHPRQVWUDWHG
WREHSRODUL]DEOHE\3+,3KRZHYHUWKHVKRUWSRODUL]DWLRQ
OLIHWLPHaVPXVWEHRYHUFRPHHJE\GHXWHUDWLRQWRIDFLOLWDWH
WKHUHDOL]DWLRQRIin vivoJO\FRO\VLVPHDVXUHPHQWE\3+,3RI
JOXFRVH GHULYDWLYHV DQG WKH SRVVLELOLW\ RI FRUURERUDWLRQ
DJDLQVW)'*3(7
$OWHUDWLRQRIFKROLQHPHWDEROLVPLVDKDOOPDUNRIWXPRU
SURJUHVVLRQ DQG VHYHUDO JURXSV KDYH LQYHVWLJDWHG FKROLQH
SUHFXUVRUV DV SRWHQWLDO PROHFXODU SUREHV IRU 3+,3 
5DWKHUWKDQ&1ODEHOLQJFDQEHXVHGDOWKRXJK1SRV-
VHVVHVDQLQWULQVLFDOO\ORZJ\URPDJQHWLFUDWLRDQGKHQFHVHQ-
VLWLYLW\FRPSDUHGZLWK&H[WUHPHO\ORQJUHOD[DWLRQWLPHV
FDQ EH UHDOL]HG HQDEOLQJ PHWDEROLVP G\QDPLFV WR EH IRO-
ORZHGRYHUWKHFRXUVHRIVHYHUDOPLQXWHV,QSDUWLFXODUWKH
UHFHQWGHPRQVWUDWLRQRI1SRODUL]DWLRQZLWKDOLIHWLPH
RI RYHU  PLQ RQ D FKROLQH GHULYDWLYH LV RI LQWHUHVW IRU 
in vivoFDQFHUPHWDEROLVPDSSOLFDWLRQV
Side-arm hydrogenation (PHIP-SAH):  
a route to HP [1-13C]pyruvate
7KHPDMRULW\RIWKHDERYHPHQWLRQHGSUREHVRIIHURQO\OLPLWHG
RUQRPHWDEROLFLQIRUPDWLRQRIVXI¿FLHQWVHQVLWLYLW\FRPSDUHG
ZLWK>&@S\UXYDWHSURGXFHGE\G'13KRZHYHUWKHODFN
RIDVXLWDEOHK\GURJHQDWLRQSUHFXUVRURIS\UXYDWH ODFWDWHRU
RWKHUPHWDEROLFDOO\OLQNHGPROHFXOHVKDVOHG5HLQHULHWDO 
WRGHYHORSWKHPHWKRGRIVLGHDUPK\GURJHQDWLRQ3+,33+,3
6$+ ,Q3+,36$+SDUDK\GURJHQLVDGGHGWRDQXQVDWXUDWHG
HVWHURIWKHPROHFXOHRIFKRLFHLQWKHRUJDQLFSKDVHZKHUHWKH
K\GURJHQDWLRQUHDFWLRQLVPRVWHI¿FLHQWWKHQSRODUL]DWLRQ
LV WUDQVIHUUHG IURP +WR WKH >&@DWRPRI WKHFDUER[\OLF
DFLGRILQWHUHVWDQG¿QDOO\WKHHVWHU³VLGHDUP´LVK\GURO\WL-
FDOO\FOHDYHGWR\LHOGWKH+3FDUER[\OLFDFLGRILQWHUHVWDORQJ
ZLWK HVWHU DOFRKRO LQ WKH DTXHRXV SKDVH +\SHUSRODUL]HG
>&@S\UXYDWH >&@DFHWDWH DQG >&@ODFWDWH 
KDYHEHHQGHPRQVWUDWHGXVLQJWKLVDSSURDFK
)ROORZLQJRSWLPL]DWLRQRI WKHLQLWLDOH[SHULPHQWDOSUR-
FHGXUHZLWKDYLHZWRin vivoDSSOLFDWLRQD&SRODUL]D-
WLRQRIaRQ>&@S\UXYDWHDWWKHWLPHRIH[SHULPHQWZDV
REWDLQHGHQDEOLQJ UHDOL]DWLRQRI WKH¿UVW in vivoPHWDEROLF
05VSHFWURVFRS\DQGLPDJLQJLQDPRXVHPRGHORIGLODWHG
FDUGLRP\RSDWK\ WKH UHVXOWV RI ZKLFK DUH KLJKOLJKWHG LQ
)LJ  :KLOVW WKH VHQVLWLYLW\ UHPDLQV UHODWLYHO\ ORZ FRP-
SDUHGZLWKWKDWSURGXFHGE\G'13DUHFHQWFRPSDULVRQRI
WKH SRODUL]DWLRQ HI¿FLHQF\ RI VHYHUDO S\UXYDWH DQG DFHWDWH
SUHFXUVRUV KDV SURYLGHG LQVLJKWV LQWR WKH EHVW VXEVWUDWH RI
FKRLFH IRU IXWXUH in vivo PHWDEROLF 05, DSSOLFDWLRQV 
,QSDUWLFXODUK\GURJHQDWLRQSURGXFWVHWK\ODFHWDWHDQGDOO\O
S\UXYDWH K\GURJHQDWLRQ SURGXFWV RI YLQ\O DFHWDWH DQG
SURSDUJ\O S\UXYDWH UHVSHFWLYHO\ ZHUH IRXQG WR \LHOG WKH
KLJKHVW&SRODUL]DWLRQ)XUWKHUPRUHZKHQDGHXWHUDWHG
Fig. 7 (a) Slice-selective dynamic 
13C MRS of a healthy wild-type 
mouse after injection of HP 
[1-13C]pyruvate produced by 
parahydrogen-induced polariza-
tion (PHIP)-side-arm hydrogena-
tion (SAH), and (b) corresponding 
whole-body 13C chemical shift 
imaging (CSI) of [1-13C]pyruvate 
and [1-13C]lactate (reproduced 
from Figs. 2 and 3 of Cavallari 
et al.145 under the Creative 
Commons CCBY License).
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SUHFXUVRU LV FRPELQHGZLWKRSWLPL]HGSRODUL]DWLRQ WUDQVIHU
WHFKQLTXHV&SRODUL]DWLRQRIPRUHWKDQRQDFHWDWHKDV
EHHQUHDOL]HGXVLQJWKHYLQ\OHVWHUSUHFXUVRUZKLFKPD\
SHUPLW in vivo LQYHVWLJDWLRQV RI DFHW\O&R$ V\QWKHWDVH
DFWLYLW\LQWKHQHDUIXWXUHE\3+,3
Future Perspectives
2QJRLQJ DQG IXWXUH FOLQLFDO WULDOV RI >&@S\UXYDWH 05,
VHUYHDFULWLFDOUROHLQHYDOXDWLQJWKHFOLQLFDOYLDELOLW\RIWKH
WHFKQLTXHIRUDQGEH\RQGRQFRORJLFDOVWXGLHVRIPHWDEROLVP
DQG DOVR LQ DVVHVVLQJ WKH UHSURGXFLELOLW\ DQG UREXVWQHVV RI
K\SHUSRODUL]HG05DFTXLVLWLRQPHWKRGVDQGDQDO\VLVSURFH-
GXUHVLQRUGHUWRSURYLGHJXLGHOLQHVWRVWDQGDUGL]HZRUNÀRZ
IRU IXWXUH PXOWLVLWH YDOLGDWLRQ VWXGLHV5 ,Q SDUWLFXODU UREXVW
FOLQLFDO FRPSDULVRQ VWXGLHVRI+3 >&@S\UXYDWH05,DQG
))'*3(7LQVHYHUDORQFRORJLFDOSDWKRORJLHVDUHUHTXLUHG
WRIXUWKHUXQGHUVWDQGLQJRIWKHUHODWLRQVKLSEHWZHHQWKHSDWKR-
SK\VLRORJLFDO LQIRUPDWLRQ JOHDQHG IURP HDFK WHFKQLTXH DQG
IXUWKHU DFFHOHUDWH FOLQLFDO WUDQVODWLRQ &OLQLFDO WULDOV RI
G'13 SUREHV VXFK DV >&@IXPDUDWH >&@ELFDUERQDWH
DQGRWKHUVDUHHLWKHUSHQGLQJRUH[SHFWHGLQWKHQHDUIXWXUH
DQG FRSRODUL]DWLRQ WHFKQLTXHV DUH OLNHO\ WR \LHOG XQSUHFH-
GHQWHGDFFHVVWRPXOWLSOHDVSHFWVRIPHWDEROLFIXQFWLRQZLWKD
VLQJOHK\SHUSRODUL]HGGRVH G'13SUREHGHYHORSPHQW
KDVQRWFHDVHGZLWKWKHDGYHQWRIFOLQLFDODSSOLFDWLRQRI>C]
S\UXYDWHZLWKVHYHUDOQRYHOSUREHV UHSRUWHG LQ WKH ODVW IHZ
\HDUV ,Q SDUDOOHO WR FOLQLFDO VWXGLHV WKH IXQGDPHQWDO 
VFLHQFHRIG'13UHPDLQVD¿HOGRIDFWLYHGHYHORSPHQW
:KLOVW ELRPHGLFDO DSSOLFDWLRQV RI 3+,3 DUH UHODWLYHO\
IHZLQQXPEHUWRGDWHZKHQFRPSDUHGZLWKWKRVHRIG'13
QRYHODSSURDFKHVVXFKDV3+,36$+RIIHUDQH[SDQGHGSDO-
HWWHRISRODUL]DEOHPROHFXODU WDUJHWV DQGD ORZFRVWPHDQV 
RI JHQHUDWLQJ +3 >&@S\UXYDWH IRU SUHFOLQLFDO DQG ZLWK 
IXUWKHU UH¿QHPHQW HYHQWXDOO\ FOLQLFDO DSSOLFDWLRQV 
,Q DGGLWLRQ WKH GHYHORSPHQW RI LQFUHDVLQJO\ HI¿FLHQW DQG
YHUVDWLOHK\GURJHQDWLRQFDWDO\VWVLVDWKULYLQJUHVHDUFK¿HOG
VHHHJ*O|JJOHUHWDO /HXW]VFKHWDO,QSDUWLFXODU
UKRGLXPEDVHGFDWDO\VWVFRPPRQO\XVHGIRUHI¿FLHQWK\GUR-
JHQDWLRQ SUHGRPLQDQWO\ \LHOG cisVHOHFWLYH SURGXFWV EXW D
QRYHO transVHOHFWLYHUXWKHQLXPEDVHGFDWDO\VWKDV UHFHQWO\
EHHQVKRZQWRGHPRQVWUDWHK\SHUSRODUL]HG>&@IXPDUDWH
E\ SDUDK\GURJHQ DGGLWLRQ WR DFHW\OHQH>&@GLFDUER[\ODWH
IRUWKH¿UVWWLPH:LWKDSSURSULDWH¿OWHULQJRIWKHFDWDO\VW 
DQGRWKHUXQZDQWHGFRVROYHQWVRUK\GURO\VLVVLGHSURGXFWV
LQWKHFDVHRI3+,36$+WKHSXULW\RILQMHFWHGGRVHVFDQ
EHLPSURYHGWRDSSURSULDWHO\KLJKOHYHOVZLWKDYLHZWRFOLQ-
LFDODSSOLFDWLRQLQWKHIRUHVHHDEOHIXWXUH
,WLVQRWRQO\WKH&QXFOHXVWKDWVKRZVSURPLVHIRUELR-
PHGLFDO K\SHUSRODUL]HG 05, DSSOLFDWLRQV DV SUHYLRXVO\
QRWHGWKH1QXFOHXVKDVDUHODWLYHO\ORZ05VHQVLWLYLW\EXW
H[KLELWVH[WUHPHO\ ORQJSRODUL]DWLRQ OLIHWLPHVDQGPHWDEROLF
SUREHVFDQEHSUHSDUHGLQDQHQYLURQPHQWVXLWDEOHIRUELRORJ-
LFDODSSOLFDWLRQDQDORJRXVWR&,QDGGLWLRQ)ZKLFK
KDVDJ\URPDJQHWLFUDWLRDQGWKHUHIRUHDEDVHOLQHVHQVLWLYLW\
VLPLODUWRWKDWRIWKHSURWRQPD\¿QGELRPHGLFDODSSOLFDWLRQ
LQWDUJHWHG05,RIK\SHUSRODUL]HG)ODEHOOHGGUXJVWKRXJK
OLPLWHG SURJUHVV LQ WKLV GLUHFWLRQ KDV EHHQ PDGH WR GDWH 
)XUWKHUPRUH ZKLOH DOO WKH DERYH QRWHG DSSOLFDWLRQV SHUWDLQ 
WR OLTXLGSKDVHPROHFXODUSUREHVSDUDK\GURJHQFDQEHXVHG 
LQ FRPELQDWLRQ ZLWK D VROLGSKDVH FDWDO\VW WR JHQHUDWH
+K\SHUSRODUL]HG SURSDQH IURP SURS\OHQH LQ WKH JDVHRXV
SKDVHZKLFKVKRZVVRPHSURPLVHDVDUHODWLYHO\FKHDS
DOWHUQDWLYHWRK\SHUSRODUL]HGQREOHJDVHVIRUELRPHGLFDOOXQJ
LPDJLQJ WKRXJK WKH KLJK + EDFNJURXQG VLJQDO PD\ EH 
SUREOHPDWLFDQGQRin vivoH[SHULPHQWVKDYHEHHQDWWHPSWHG
WRGDWH
)LQDOO\ WKH 6$%5( SDUDK\GURJHQ PHWKRG ZKHUHLQ
SRODUL]DWLRQWUDQVIHURFFXUVE\UHYHUVLEOHH[FKDQJHDQGWKH
WDUJHWPROHFXOHUHPDLQVFKHPLFDOO\XQDOWHUHGXSRQLQWHUDF-
WLRQZLWKSDUDK\GURJHQKDVWKHSRWHQWLDO\LHOGKHWHURQXFOHDU
&1K\SHUSRODUL]DWLRQRQDEURDGHUUDQJHRIPROHFXODU
LPDJLQJSUREHVWKDQFRQYHQWLRQDO3+,3DQGPD\OHDGWRVHY-
HUDO XQSUHFHGHQWHG DYHQXHV RI ELRPHGLFDO DSSOLFDWLRQ 
$OWKRXJKWRGDWHQRin vivoH[SHULPHQWVKDYHEHHQSHUIRUPHG
ZLWK6$%5(SRODUL]HGSUREHVWKHUHFHQWGHPRQVWUDWLRQRI
ERWKK\SHUSRODUL]HG>&@DQG>&@S\UXYDWHDOWKRXJK
DW UHODWLYHO\ ORZSRODUL]DWLRQV UHSUHVHQWVD VLJQL¿FDQW VWHS
WRZDUGELRPHGLFDODSSOLFDWLRQ
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